Pressure-controlled gas-flow valves are responsible for sound generation in woodwind and brass instruments, and in the vocalization of many animals. When only a single degree of freedom is allowed for the valve motion, four simple configurations are possible, depending upon the effect upon the valve opening of static overpressures applied at either inlet or outlet ports in the presence of the flow. It is shown that, depending upon the valve configuration, there exist particular ranges of acoustic impedance for the inlet and outlet ducts to the valve within which self-sustained valve oscillation is possible. The results are particularly simple when the lengths of these ducts are less than one-quarter of a wavelength at the resonant frequency of the valve, in which circumstance oscillation takes place close to that resonance frequency. The analysis treats only the initiation of oscillations of small amplitude, as a precursor to the maintenance of large-amplitude nonlinear oscillations.
It is important to emphasize that, in reality, pressure controlled biological valves, such as brass instrument player's lips, the human larynx, and the avian syrinx, are much more complex than suggested in Fig. I and require more than one geometric parameter to specify their configuration. This may mean that they cannot be unambiguously classified into our simple scheme. We return to comment upon this briefly later. one of its ports. The acoustic impedance of these connecting pipes is, as we see later, vitally important to the vibration behavior of the valve. Indeed, our purpose is to determine the conditions under which valves of the three types mentioned can sustain spontaneous oscillations, once the connections to the two valve ports have been specified. A linearized theory is adequate to explore this problem, but does not suffice to define the subsequent large-amplitude vibrations of the valve. To treat these we must resort to numerical solution of the full equations defining the system, •8-2ø either in the time domain or in the frequency domain.
Before we begin, it is important to make one qualification to our discussion. We have referred to valves of configuration ( --, q-) as being of woodwind type, and this carries the incorrect implication that we are discussing the operation of these reeds as in complete musical instruments. This is, however, not the situation that we wish to consider. In a woodwind instrument, the natural frequency of the reed itself is high compared with the playing frequencies, and the method of analysis to be presented is unduly cumbersome when applied to this case. Rather, we wish to consider situations more closely analogous to reeds of the organ-pipe variety, in which the natural frequency of the reed is lower than, or comparable to, the frequency of the first mode of the resonator to which it is attached. Operation of the reed valve then takes place near the frequency of the peak in the negative acoustic conductance that has been identified 5 just below the resonance frequency of the reed in this case. To avoid confusion we shall therefore refer to the configuration ( --, + ) as being that of an organ-pipe reed. Valves with other configurations similarly operate near their negative conductance peak, and we should remark that this is necessarily true, even for close coupling to a resonator, for valves of configuration (q-,--), for which the conductance is negative only in a and it can be shown that Zji=Z O. These equations then define the impedance coefficients Zij, which can be readily calculated for ducts of simple geometry and are given a superscript (1) or (2) to indicate the duct to which they refer.
The exit side of the valve is connected, in general, to another horn with impedance coefficients Z•.f) which is terminated by a radiation impedance Z R. We should really know the values of these impedance coefficients both near the operating frequency of the valve generator and also in the steady flow domain, but it will be adequate for our discussion to assume zero resistance to steady flow through both horns. It is useful, in our subsequent development, to specify also the pressures Pl and P2 immediately upstream and downstream from the valve. These will be time-varying quantities when the valve is oscillating.
In analyzing this system, it is helpful to use the analog network shown in Fig. 2(b) 
It turns out to be much simpler to use the value of the steady pressure fl just upstream of the valve to characterize the system rather than using the generator pressure fi0, so we shall make this change of viewpoint. It is easy to use (2) to relate this to the source pressure if we wish. 
Now
where p is the density of air and W is the width of the valve. Equation ( We have used the terms effective mass and effective area in this development, since only in particularly simple cases are these the true mass and geometric area. The conversion from true to effective quantities essentially consists of relating the displacement x to the shape of the vibration mode involved, whether this be rotation about a springloaded axis or bending of a cantilever beam, and similarly averaging the pressures over the mode shape. For a valve consisting of two stiff flaps mounted on spring hinges and making an angle 0 with the opening direction x, as shown in Fig. 1 , and more specifically in Fig. 3(a) 
where the definition of 0 is now as in Fig. 1 (c) . It is interesting to note that, if we take 0 = 0 in this geometry so that $ 
where Re implies the real pan of the following expression. We are not particularly concerned here with this result, though clearly we must have a real vale for w, which implies that the correction term on the right must be greater than -•. Our main interest is rather with the conditions under which self-maintained oscillation can commence.
For this to happen, we must have [ 2 Wff• (a•2Z2 --al• iZ 1 ) • Im [ (2pff•) •/2 + WX(Z• + Z2) ] > 2ko,
where Im implies the imaginary pa•. In both (17) and (18), we must use the expression (6) giving • in terms of the static pressure ff•. We must also use the value of • given by (17) both in the right-hand side of (18) and also in evaluating the impedances Z1 and Z2 in both (17) and (18). This implies the necessity for a recursive calculation, but fortunately, as we see below, it is an adequate approximation for the problem that we are addressing here to take o=•0. This is clearly true for small values offfi, since the correction tern in (17) vanishes as ffl • 0, and substitution of typical values for the parameters involved suggests that it remains a valid approximation as long as there is not an impedance maximum for Z• or Z 2 within the possible operating frequency range. Equations (17) and (18), as separated forms of (16), form the basis of our subsequent discussion. We should recall that we have made simplifications in these two•quations by omitting the displacement flows • and U 2 described in (10) and (12) and the valve ape•ure inertance correction given by (13). Both these contributions could be included at the expense of complication to the algebra.
Because both these corrections are small in most cases of interest, however, we can proceed to draw general conclusions based upon the simpler analysis.
II. GENERAL CONCLUSIONS
The general case clearly has many variations, so we examine here some particular cases in order to show the behavior of different sorts of valves with rather simple loading impedances. The first simplification we can make, which has already been applied in ( 16)-(18) , is to neglect both the valve channel inertance, given by (13), and the displacement flows given by (12). Insertion of typical numerical values shows that these are both an order of magnitude less than the terms to which they are corrections, provided only that the operating pressure is more than a few hundred pascals, equivalent to a few centimeters water gauge pressure. While it is straightforward to include the effect of the resistive parts of the impedances Z•j in a numerical calculation, we can deduce important general principles of valve behavior by neglecting this refinement. With this in view, we neglect wall losses in the two horns, neglect the resistive part of the radiation impedance Z n, and take the source impedance Z s to be very much larger than Z•I ).
The two loading impedances Z 1 and Z 2 of (11 ) are then both purely imaginary and we shall denote them by jX l and jX2, respectively. Under these simplifying assump- 
where we have substituted from (6) for g.
Equations (19) and (20) are in a form that lets us make some simple explicit statements about the behavior of different valve configurations. For simplicity, we shall also make the assumption that/.q =/.re, which is true for many practical systems, although it is easy to treat the more general case if we wish.
First, consider the configuration (-, + ) of Fig. 1 (a) . 
This requires either a narrow tube leading from the source to the valve, to give an inertive impedance, or an outlet duct in the form of some sort of open horn operating just above one of its resonance frequencies to give an acoustic compliance. The sign of the frequency shift away from the valve resonance will be that of 2 2 (X2-X•). Suppose now that the auxiliary impedances are arranged as described above for each valve type, so that autonomous oscillation is possible in principle. We wish to determine the conditions under which it will occur in practice. Once the physical parameters are given, we can plot the left side of the inequality (20) The next case is that of a valve with configuration ( -I-,--), as shown in Fig. 1 (b) . For convenience, we now take the diameter of the exit tube to be large, so that the Finally, we consider a valve with configuration ( +, q-) as in Fig. 1 (c) . In this case, we show in Fig. 7 In musical wind instruments, the outlet duct takes the form of a horn of some sort, and the resonances of this horn determine the oscillation frequency of the pressurecontrolled valve generator. This can happen because the impedance Z 2 given by (27) can be reactive, very large, and of either sign, close to the horn resonance. If we assume that X 2 is very large in (19) then we see that the difference between to2 and to0 • is of the same order as to0 •, while its sign is opposite to that of (r2. This means that, for a woodwindlike reed of configuration ( --, + ), the operating frequency can be close to that of a horn resonance, provided the frequency of that resonance is less than the resonance frequency too of the reed. For an organ reed pipe, the situation is rather different, since the reed is tuned to nearly match the pipe resonance, so that both X• and the correction to to o are small. If a brass-instrument player's lips are adequately represented by a valve of type (+,--), as assumed both by Helmholtz 17 and by Fletcher, 5 then we expect that the playing frequency to should be higher than the lip resonance frequency too. The careful measurements of Saneyoshi et al.,7
which included an evaluation of reed and lip resonance frequencies under playing conditions, confirm the prediction above for clarinet and bassoon players, but show that, contrary to expectation, the resonance frequency of a euphonium player's lips is somewhat higher than the frequency of the note being played. These authors take this to imply that the lip-valve has an effective configuration (--, q-), but this seems physically unlikely. The observa-. tions are equally explicable if the lip-valve actually func-. tions as though having configuration ( +, q-), like an avian syrinx, the lip motion being essentially at right angles to the air flow direction. For a system as mechanically com.-plex as a vibrating lip or larynx, however, such a single.-parameter model can at best provide a rough approximation to the true behavior.
IV. CONCLUSION
This brief analysis has provided a coordinated and comparative view of the autonomous oscillation behavior of four configurations of simple valve. Together they en.-compass the valve types met with in organ pipes and brass musical instruments, in the human vocal system, and in the avian syrinx. The treatment is concerned only with the conditions under which autonomous oscillation can be maintained in these valve systems, and shows the crucial importance of the acoustic impedances of the inlet and outlet ducts to the valve. Several refinements to the treat--ment that were neglected in the interests of simplicity can be included in a more careful analysis, but do not affect the general conclusions.
The treatment has the advantage of great analyticall simplicity, so that it is possible to examine with great ease the effect of changing particular parameters. We have dis.. played such variations only in relation to the supply and exhaust ducts individually, but this can easily be extended to the ducts in combination, as in 
